more than 15% of the transcripts from the 5' LTR read through the 3' LTR (28) . Similar results have been obtained in ALV-induced erythroblastosis cells, in which transcription from the 5' LTR promoter is preferred, resulting in high levels of viral transcripts (41) . In ALV-induced B-cell lymphomas, deletions of 5' viral sequences result in the disruption of proviral transcription and in the activation of the c-myc gene by the promoter activity of the ALV 3' LTR (27, 43) . It has been suggested that deletions near or within the 5' LTR may remove certain cis-acting elements that directionally enhance 5' LTR activity (28) . A directional enhancer residing in the gag gene and another element close to the start of gag that can enhance 5' LTR activity have been described (2) . Recently, Boerkoel and Kung (4) have identified a 0.3-kb cis-acting element in the chicken syncytial virus (CSV) that modulates 5' LTR transcriptional activity. This element, located next to the 3' end of the primer binding site, activates transcription only when present downstream from the promoter and in the sense orientation, resembling the human immunodeficiency virus type 1 (HIV-1) RNA enhancer. Thus, this cis-acting viral element confers a unique and distinct activity to the 5' but not the 3' LTR.
Computer analysis revealed that RNA encoded by these sequences can assume thermodynamically highly stable secondary structures (4) . Interestingly, similar RNA secondary structures can be formed by sequences in Moloney murine leukemia virus (MoMuLV) located in the 5' nontranslated leader sequence, in analogy to the findings in CSV and ALVs in general (1) . Such cis-acting proviral elements can lead to preferential transcriptional activity of the 5' versus the 3' LTR elements inside the cell. These sequences are deleted in most of the ALV proviruses involved in 3' LTR promotion (15, 28, 40, 44) .
As an alternative mechanism to explain the preferential use of the 5' LTR in intact proviruses, Cullen et al. (15) have postulated a phenomenon called transcriptional overlap interference. According to this mechanism, transcription originating at the 5' LTR interferes with initiation at the 3' LTR, similar to the promoter occlusion phenomenon described in prokaryotes. According to this model, the 3' LTR is unable to act as an efficient promoter in the presence of a transcriptionally active 5 ' LTR, but deletions of sequences essential for the transcriptional function of the 5' LTR relieve the transcriptional overlap interference.
To determine the influence of the 3' LTR on 5' LTR function, we constructed a set of isogenic retroviral vectors containing identical 5' LTRs and differing only in the U3 region of the 3' LTR. These downstream U3 regions were derived from murine retroviruses with well-characterized tissue tropism and transcriptional activity in different cell types. In these constructs, the 3' LTR suppressed gene expression from the 5' LTR; the activity of the 5' LTR was indirectly proportional to that of the chimeric 3' LTR' when the latter was used in a single-LTR'-chloramphenicol acetyltransferase (CAT) (20) expressing the HIV-1 env and tat genes, and presumably rev (tat', env', and rev'), were maintained in Dulbecco's modified Eagle medium supplemented with L-glutamine, penicillin, streptomycin, 10% fetal calf serum, and 100 ,ug of G418 per ml.
Plasmids. (i) pLTR-CAT-LTR' constructs. Plasmid pLTRM6A Pst (22) , harboring a 3' MoMuLV LTR from pZIPneoSV(x)1 (10), was doubly digested with PstI and KpnI, and the resulting 450-bp fragment harboring the MoMuLV U3 region was replaced with the homologous PstI-KpnI fragment derived from plasmids harboring the U3 regions from the Akv (pLTRA4, 482 bp), SL3-3 (pLTRS3, 483 bp), and Friend murine leukemia virus (FrMuLV) (pAKFrl, 439 bp; kind gift of Nancy Hopkins) proviruses (9) . The EcoRL fragment derived from each of the resulting constructs was used to replace the homologous fragment of pZIPneoSV(x)1, resulting in the retroviral constructs pZIPneoAU3, pZIPneoSU3, and pZIPneoFU3, respectively. Subsequently, a 794-bp BglIlBamHI fragment from pSV2CAT', a derivative of pSV2CAT (25) , from which the simian virus 40 processing and polyadenylation signals had been deleted and which contained the Tn9 CAT gene, was subcloned into the unique BamHI sites of pZIPneoAU3, pZIPneoSU3, pZIPneoFU3, and pZlPneo SV(x)1, resulting in the pLTR-CAT-LTR' retroviral constructs pZAC, pZSC, pZFC, and pZMC, respectively (Fig. 1) .
(ii) pLTRCAT constructs. Plasmids pFCAT, pACAT, and pSCAT ( Fig. 2) were the generous gift of W. Haseltine and D. Celander (9) . Plasmid pMCAT (Fig. 2) was prepared as described previously (22 constructed as described previously (20) (Fig. 3) . Construction of the retroviral vector pASSU3, containing the HIV-1 env, tat, and rev genes in antisense orientation (3' to 5' relative to both retroviral LTRs) (Fig. 4 ), was performed as described for penvAU3 except that the plasmid backbone contained in its 3' LTR the SL3-3 enhancer (pZIPneoSU3). The (52) .
Gene transduction with murine recombinant retroviruses. pLTR-CAT-LTR' constructs (pZAC, pZFC, pZMC, and pZSC; Fig. 1 ) were transfected into the murine ecotropic packaging cell line t2 via calcium phosphate coprecipitation (52) , and neomycin-resistant (Neor) clones were selected in medium containing 400 jig of the aminoglycoside G418 per ml. Virus released by individual Neor clones positive for CAT activity (recombinant retroviruses vZAC, vZFC, vZMC, and vZSC) was used to transduce the CAT gene into L691-6 and M12 cells in the presence of 8 ,ug of Polybrene per ml. After 48 to 72 h, the transduced cells were analyzed for CAT activity (9, 20, 22, 25) . Simultaneously, viral titers were determined by infecting NIH 3T3 cells with the viral stocks at 1:200 and 1:2,000 dilutions, and the Neor cells were selected in G418-containing medium as described above. The CAT activity expressed in the transduced cells was normalized for viral titer and protein concentration ( 10 ,ig of yeast tRNA was added, and the samples were ethanol precipitated, resuspended in 80% formamide-1 mM EDTA-0.1% bromophenol blue-0.1% xylene cyanol, and analyzed by 6% polyacrylamide-7 M urea gel electrophoresis followed by autoradiography (23) . RNase (19) . The specific activity of the resulting probe was higher than 109 cpm/p.g of DNA.
Detection of sense and antisense proviral transcripts in JAS 13 and JAS 17 cells. A 580-bp BglII fragment from the HIV-1 provirus pHXBc2 (nucleotides 6583 to 7163) was subcloned into the unique BamnHI site of pBluescript KS --, resulting in pKS BglII. 32 P-labeled sense and antisense RNA probes were prepared with T3 and T7 RNA polymerase, respectively, and used to probe 10 ,ug of total cellular RNA derived from Jurkat, JAS 13 , and JAS 17 cells in RNase protection assays as described above.
RESULTS
Construction of isogenic pLTR-CAT-LTR' plasmids. Derivatives of the retroviral vector pZIPneoSV(x)l (10), harboring the CAT gene linked to the 5' MoMuLV LTR, were prepared by exchanging the U3 region of the 3' MoMuLV LTR for the homologous sequences derived from the T-cell-tropic virus SL3-3 (pZSC), from FrMuLV (pZFC), and from the nonleukemogenic Akv virus (pZAC), which induces osteomas late in life (5, 9, 18, 33, 51, 53) (Fig. 1) . The DNA segments exchanged were equivalent, containing the same promoter sequences within the same restriction fragment. The small fragment of the R region in the 3' LTR was replaced by identical sequences.
Simultaneously, the tissue tropism of the retroviral U3 regions used in the preparation of the chimeric pLTR-CAT-LTR' constructs was confirmed. For these studies, we used a series of plasmids (pLTRCAT constructs; Fig. 2 ) that contained upstream of the CAT reporter gene various U3 elements derived from either the SL3-3 virus (pSCAT), MoMuLV (pMCAT), FrMuLV (pFCAT), or Akv (pACAT) (9) . As in the pLTR-CAT-LTR' constructs, equivalent segments of the various LTRs were exchanged. The CAAT and TATAAA elements as well as the putative promoter were all contained within the same restriction fragment in the viruses tested. With the exception of pMCAT, which was shown to contain only one direct repeat in the enhancer element (22) Fig.   5 (lanes a to d) . The cell specificity of the various murine U3 regions when used in the 5' position was found to be in good agreement with previous reports (5, 6, 9, 24, 32, 33, 46, 53 When the various chimeric pLTR-CAT-LTR' constructs ( Fig. 1) , in which the 5' MoMuLV LTR directed the transcription of the CAT gene and the 3' LTR' contained U3 elements from either MoMuLV (pZMC), FrMuLV (pZFC), SL3-3 (pZSC), or Akv (pZAC), were transfected into cells of different lineages, the resulting CAT expression was dependent on the cell-specific activity of the 3' LTR' U3 region ( Fig. 5 ; Table  1 ). When placed into the 5' position, the Akv-derived U3 element resulted in the highest CAT activity in fibroblasts (Fig.  5 , lane d; Table 1 ), whereas the CAT activity induced by pZAC, containing the Akv U3 element in the chimeric 3' LTR', ranked lowest among the isogenic pLTR-CAT-LTR' constructs. In T-lymphoma cells, the highest CAT activity was obtained with pZFC, a plasmid harboring in its 3' LTR' the FrMuLV U3 region which has low activity in T cells; the lowest levels were observed with pZSC and pZMC constructs, containing in the 3' LTR' the T-cell-tropic SL3-3 and MoMuLV U3 regions, respectively. Similarly, in B-leukemia cells, the lowest CAT activity was detected with pZAC, which contains in its 3' LTR' the Akv U3 sequences which were shown to be most active in B cells, while the highest levels were observed with pZFC harboring the FrMuLV U3 sequences in its 3' LTR'. In summary, the CAT activity detected following transfection of chimeric pLTR-CAT-LTR' constructs in a given cell lineage was inversely related to activity of the downstream U3 region when used in a single-LTR plasmid.
The down-regulation of the 5' LTR by 3' LTR' sequences is identical in uninfected and in chronically infected cells containing integrated provirus. The results described above suggested a negative regulation of the promoter/enhancer functions of the 5' LTR by the 3' LTR' U3 region. Next (Fig. 5, lanes d and h) . RNase protection assays showed protection of the expected [32P]CAT antisense RNA probe fragment by RNA from pACAT-transfected cells (Fig. 6) sient transfection. In a pilot experiment, RNA isolated from pZAC-transfected NIH 3T3 cells protected low levels of a 2P-labeled sense CAT RNA probe in an RNase protection assay, suggesting low levels of transcription of the proviral plus strand in this vector (data not shown). To obtain more convincing evidence for the transcription of the DNA plus strand in type C murine retroviral constructs, we prepared a set of retroviral vectors harboring the HIV-1 tat, rev, and env genes in either sense or antisense orientation (3' to 5' with respect to the murine LTRs). The resulting plasmids penvAU3 (sense) and pASSU3 (antisense) were cotransfected with pU3R-III CAT (a plasmid harboring the CAT gene under the control of the HIV-1 LTR U3-R sequences [49] ) into HeLa cells. Since tat activity is an absolute requirement for the efficient expression of genes under the control of the HIV-1 LTR U3-R sequences (49) , the CAT activity in this system is a function of the level of tat expression. This vector system represents a highly sensitive gene expression system.
The levels of CAT activity in pASSU3-transfected cells demonstrate transcription and expression of the tat gene from the DNA plus strand in this retroviral construct. On the average (from two independent experiments), the levels of CAT activity of HeLa cells cotransfected with the antisense construct pASSU3 and pU3R-III CAT were 7-fold higher than for the negative control (HeLa cells transfected with pU3R-III CAT alone) and 11-fold lower than for the positive control (HeLa cells cotransfected with the sense construct penvAU3 and pU3R-III CAT) (Fig. 7) .
Transcription of the proviral plus strand in stable cell lines created by transduction of vASSU3 recombinant retroviruses. Since it is known that transfected DNA forms concatamers that may contain DNA rearrangements and since retroviral DNA may become rearranged within the cell (42), we decided to confirm the results obtained in transient cotransfection of pASSU3 plus pU3R-III CAT in cells containing stably integrated provirus derived from pASSU3. Southern blot analysis of the genomic DNA derived from the resulting cells (JAS 13 and JAS 17) revealed the presence of the expected 3.1-kb Asp 718 fragment containing HIV-1 sequences (Fig. 8A) , suggesting neither inversion nor rearrangement of the tat-containing fragment from pASSU3 with regard to the 5' LTR, which also contains an Asp 718 site (Fig. 4) . In contrast, the sense orientation of the HIV-1 insert would have yielded a 2.6-kb fragment (Fig. 3) . RNase protection assays of JAS 13 RNA showed high levels of proviral transcription from the minus strand (sense transcription) as well as lower levels of transcription from the plus strand, as evidenced by protection of the respective complementary 32P-labeled 580-bp RNA fragment (Fig. 9) . In contrast, only a low level of transcription of the proviral minus strand was seen in JAS 17 cells, and no RNA transcripts of the proviral plus strand were detected (Fig. 9 showed the expression of functional tat in these cells (about 10-fold over the Jurkat negative control), while no detectable tat activity was found in JAS 17 cells (Fig. 8B) however, the possibility of their existence cannot be excluded fully, since they could be highly unstable.
Transcriptional overlap interference by transcripts originating at a highly active 3' LTR' may be less likely, however, because functional differences of 5' and 3' LTRs that result in preferential transcription from the upstream LTR have been reported recently. Boerkoel and Kung (4) described a cisacting internal CSV proviral sequence that confers transcriptional dominance to the 5' LTR in proviruses with two intact LTRs. This 0.3-kb sequence, located immediately downstream from the primer-binding site, is strongly dependent on position and orientation. RNA transcripts of this leader sequence have the potential to form thermodynamically stable hairpin structures (1, 4) . These sequences were deleted in an integrated CSV provirus which had been implicated in c-myc activation by the adjacent 3' LTR (4). Interestingly, other retroviruses examined, including MoMuLV, also have the potential to form similar RNA secondary structures (1, 4) , suggesting that such RNA leader sequences play an important role in modulating the transcriptional activity of proviral LTRs by preferentially stimulating transcription initiation from the 5' LTR. This allows a functional distinction between intact 5' and 3' LTRs in the cell (4). All of our pLTR-CAT-LTR' constructs harbored the MoMuLV leader sequences with the capability to form RNA hairpins. Thus, these cis-acting sequences could mark the 5' LTR as the upstream, transcriptionally dominant LTR in our circular plasmid constructs, in which transcription could originate theoretically from either of the two LTRs.
A second mechanism, complementary to the transcriptional overlap interference described by Cullen et al. (15) , could involve termination interference. According to such a postulate, 3' LTR' U3 elements with strong transcriptional activity as solo LTRs can form DNA-protein initiation complexes that interfere sterically with the termination of nascent viral RNA transcripts originating from the 5' LTR by not allowing the RNA polymerase II to reach the termination signals located within the 3' LTR'. The resulting incomplete transcripts would be short-lived in the absence of the correct RNA processing signals. In our experiments, the influence of the 3' LTR' on the transcriptional activity of the upstream LTR could be explained by the differential stability of initiation complexes at the 5' or 3' LTR elements in chimeric proviral constructs containing LTRs with different transcriptional activities.
Theoretically, a third possibility could include transcriptional regulation of the 5' LTR promoter/enhancer functions by transcription of the proviral plus strand, although direct evidence for such a retroviral regulatory mechanism is not available. Experimental evidence for antisense transcription has been obtained in other systems. Cells producing type C or type B retroviruses have been shown to contain small amounts of RNA transcripts complementary to the viral RNA genome (3, 50) . The function of such transcripts remains to be understood. The transcriptional activation of the c-mos gene by proviral insertion of intracisternal A particles in antisense orientation (3' to 5' relative to the c-mos gene) gave evidence of intracisternal A particle-LTR promoter bidirectionality (14, 29, 31) . Furthermore, regulation of transcription from the c-Ha-ras promoter by antisense transcription has been postulated by Lowndes et al. (34) . Such a mechanism may serve to prevent excessive transcription into the coding region of the gene under special circumstances such as viral insertion. An open reading frame encoding a hydrophobic protein in the proviral DNA plus strand of HIV-1 has been postulated by Miller (39) , but no experimental evidence was given for the synthesis of a gene product. More recently, Bukrinsky and Etkin (8) have presented evidence for the synthesis of three distinct polyadenylated RNA transcripts of 1.6, 1.1, and 1.0 kb originating from the plus strand of the HIV-1 provirus during the first few hours after acute infection only. Our data, generated by using cell lines with stably integrated recombinant murine proviruses containing the HIV-1 tat gene in antisense orientation, confirm the potential for transcription of the proviral plus strand. Theoretically, the antisense RNA transcripts could have arisen from cryptic promoters within the 3' LTR or, alternatively, from cellular promoters adjacent to the integration site.
In summary, our studies with chimeric proviral constructs indicate that the 3' LTR exerts a significant influence on gene expression from the 5' LTR. Several potential mechanisms, including transcription of the provirus plus strand, could be invoked to explain this finding. Future studies need to be undertaken to determine which mechanism(s) predominates.
